ABSTRACT: We study the impact of electrode band structure on transport through single--molecule junctions by measuring the conductance of pyridine--based molecules using Ag and Au electrodes. Our experiments are carried out using the scanning tunneling microscope based break--junction technique and are supported by density functional theory based calculations. We find from both experiments and calculations that the coupling of the dominant transport orbital to the metal is stronger for Au--based junctions when compared with Ag--based junctions. We attribute this difference to relativistic effects, which results in an enhanced density of d--states at the Fermi energy for Au compared with Ag. We further show that the alignment of the conducting orbital relative to the Fermi level does not follow the work function difference between two metals and is different for conjugated and saturated systems. We thus demonstrate that the details of the molecular level alignment and electronic coupling in metal--organic interfaces do not follow simple rules, but are rather the consequence of subtle local interactions.
Depending on E level and Γ, the current--voltage characteristics can be highly non--linear; 28, 29 in such cases, they can be used to determine the junction transport parameters. 30 Here, we employ a new experimental technique to determine the transport parameters. We apply an AC voltage in addition to a DC voltage across the molecular junction and measure the current over a bandwidth larger than twice the AC voltage frequency. We use a modified break junction technique for these measurements where instead of pulling the tip continuously away from the substrate, the tip is held at fixed displacement after pulling the junction apart as illustrated in Figure 2A . The current through the junction is then measured using a 50 kHz bandwidth while applying 150 mV AC voltage at 22 kHz in addition to a 1V DC voltage. The currents at the first and second harmonic frequencies are obtained by looking at the frequency domain representation of the measured current using the discrete Fourier transform ( Figure   2B ).
To see what gives rise to the currents at the first and the second harmonic frequencies, we obtain the Taylor series expansion of the junction current at V DC : The terms in the first parenthesis correspond to the DC current, while the terms in the second and third parenthesis represent the currents at the first and the second harmonic frequencies respectively. Next, we obtain the analytic expressions for the terms in the second and the third parenthesis in terms of E level and Γ using the single Lorentzian model. In this model, assuming that the voltage drop across the junction is symmetric and that the coupling on the left and right electrode are the same, the current through the junction can be written as:
where f(E) is the Fermi-Dirac distribution. Since all energy scales are much higher than average thermal energy (= 0.025 eV), we can neglect finite temperature effects as justified in the SI, and can therefore simplify the expression for current to yield: By differentiating the expression above with respect to voltage, one can obtain the terms in the Taylor series expansion of the junction current as a function of E level and Γ as shown explicitly in the SI. With these expression, we solve a set of two non--linear equations with two unknowns using the currents at the first and the second harmonic frequencies to get the E level and Γ.
Using this technique, we first determine E level and Γ in molecule 1 and 2 with Au electrodes.
These systems have been well studied experimentally and shown to have a transmission function that is well--approximated by a single--Lorentzian form allowing us to benchmark the AC measurement. 22, 23, 31, 32 For these systems, we do not see any evidence that the low conducting vertical geometry junctions sustain the entire fixed displacement section. This is not surprising since these low--conducting junctions form at the apex of the electrodes and there is no room for mechanical and thermal perturbations. We therefore focus our analysis on junctions in the tilted, high conducting geometry. We find that on average E level and Γ are 1.1 eV and 40 meV for 1 while 1.2 eV and 60 meV for 2 with Au electrodes. These values are in good agreement with previously reported values for these systems measured under zero external bias. 32 This is interesting because in our current measurements, these systems are driven out of equilibrium under the high applied DC bias. There are several effects that would alter the transport characteristics of a single molecule junction under high bias voltages. First, under an external field, the molecular energy levels can be Stark--shifted. 31 Second, the external electric field can polarize the molecule and change molecular coupling strengths. 33 Third, charging of molecular orbitals due to bias would modify the level alignment. 34 Fourth, molecular vibrational modes could get excited due to an increase in the local temperature or due to inelastic scattering of electrons; this would result in sharp features in the dG/dV spectrum. 35, 36 To investigate these effects, we perform measurement at three different bias voltages to see if Figure  S3 ). Since the measured couplings are very similar, we conclude that the molecule is not strongly polarized under bias, and furthermore, we can also conclude that dG/dV is not altered and thus local heating effects are not important under these experimental conditions. The fact that we see a slight shift in the level alignment with bias voltage could indicate that (a) we are charging the molecule under bias, (b) there is a slight Stark shift or (c) the transmission deviates slightly from a single Lorentzian form. Here, we do not attempt to identify the primary source of this shift; we conclude that the effect of bias voltage on level alignment is small and the transmission characteristics measured at high bias reflects the zero bias transmission.
To further benchmark the experimental technique, we carry out IV measurements on 1 and 2
with Au and create two--dimensional IV histograms for the two systems as detailed in the SI.using the measured values of E level and Γ, we generate IV traces and obtain simulated IV histograms for two system. As shown in SI Figure  S4 , we see excellent agreement between measured and simulated IV histograms in two systems further justifying the use of this AC--based experimental technique. However, on average, junctions show a rectification ratio of 1.3 (as shown in SI Figure  S5 ). This would imply that the coupling on the two sides of the junction could differ by 30% which contradicts one of the assumptions that the experimental technique relies on. In the SI, we provide a detailed analysis of the experimental technique when the assumption of equal couplings is relaxed to allow for differences in Γ between the two sides (see SI Figure S6 ). We find that on average the extent of the asymmetry in coupling observed in these systems is not large enough to incur significant errors in estimated Γ and E level parameters. This conclusion is already apparent from agreement between parameters measured under different bias voltages, and the excellent agreement between the IV histograms measured and generated using E level and Γ. However, we should add that this technique is not applicable in its current from to the systems with inherent asymmetries such as molecules that have different terminal linkers. 38 Having established that our method yields accurate transport parameters, we next use it to probe E level and Γ in molecule 1 with Ag electrodes as the transmission in this system can be well approximated by a single Lorentzian as will be shown further below. We find that E level and Γ are 1.0 eV and 14 meV respectively (see Figure 3A and 3B). For 2 with Ag, we cannot determine E level and Γ due to a signal--to--noise limitation of our instrument as the current at the second harmonic frequency is at or below the experimental noise floor. This is consistent with the fact that 2 with Ag exhibits even smaller conductance than 1 with Ag. We note that the difference in LUMO energies relative to the Fermi level between Au and Ag junctions for 1 is quite small (0.1 eV) compared to the work--function difference between the two metals, which is reported as ranging from 0.6--0.8 eV.
To gain further understanding into charge transfer characteristic of these systems, we turn to DFT calculations of model junctions for all three molecules bound to both Au and Ag electrodes. Our first--principles calculations of the electronic transmission are based on a finite cluster approach that uses the PBE generalized gradient--corrected exchange--correlation functional 39 as implemented in the FHI--AIMS code. 40 The optimized with a variant of the Broyden--Fletcher--Shanno--Goldfarb algorithm 40 , until the forces dropped below 0.01 eV/ Å. The electron transmission through the junction was calculated with a Green's function approach applied to the composite electrode--molecule system and a simplified embedding self--energy. 41, 42 We show in Figure 4 the transmission for all three molecules bound to both Ag and Au electrodes. On a qualitative level we see that in all cases the conductance is dominated by the LUMO.
Moreover, for molecule 1 and 2, the transmissions are reasonably well approximated by single Lorentzians as visible from the fits overlaid, validating the single--Lorentzian assumption for the experimental method. For molecule 3, the peak shape is more complicated because of the proximity of higher unoccupied molecular orbitals. We see that for all molecules the LUMO level broadening is larger with Au than with Ag. Specifically, the Lorentzian fits comparing Au and Ag transmissions indicate that the broadening is larger by about a factor of two for both molecules. This is surprising because the Ag--N and Au--N bonding lengths differ only by 2% and the total densities of states of Ag and Au near the Fermi energy differ by roughly 10%.
To understand the origin of this difference between Au and Ag electrodes, we look at the cluster eigenstates with energies close to the transmission resonance, focusing on junctions formed with 1 ( Figure 5A ). We see that on the molecule the eigenstates resemble the LUMO of the gas--phase. For the Au junction, the wavefunction on the apex atom has angular nodes which are characteristic of Au--d yz . In addition, one can see presence of the Au--p y orbital because the lobes that point to the molecule are bigger. These orbitals have the right symmetry to couple to the LUMO. In the case of Ag, we also see four lobes reminiscent of an Ag--d yz orbital on the apex atom; however, these are rotated, which diminishes the coupling to the LUMO. These eigenstates indicate the importance of the d--states in hybridizing with the LUMO. In the next step, we look at the density of states of the apex orbitals involved in coupling. As shown in Figure 5B , we observe that the spectral density of the d yz --states is three times larger in Au than in Ag while the p y --states have very similar spectral density at the Fermi level. The enhanced presence of d--states in Au is due to the higher position of the d--band edge, reflecting known relativistic effects. 43, 44 To demonstrate the role of relativity, we perform non--relativistic DFT calculations for molecule 1. We observe that the relativistic corrections increase the width of the LUMO by 48% with Au, whereas with Ag the width is enhanced only 10% (see SI Figure S7 ).
Therefore, we conclude that Au gives rise to an enhanced level broadening due to the larger contribution of d--states at the Fermi level. We note here that past density--function theory calculations that have compared the transmission of junctions formed with 2 using Pt and Au electrodes have found a similar increase in coupling with Pt when compared with Au, which was also attributed to an enhanced density of d--states at the Fermi level. 6 We cannot extend our theoretical analysis to the level alignment and conductances, because the former is inaccurate due to approximations inherent in the exchange--correlation functionals.
Specifically, DFT based HOMO and LUMO are artificially close to the Fermi level due to self--interaction and polarization errors. 45--47 Therefore, one cannot take the transmission value at E F as a measure of 
